.-A link between altered levels of various gangliosides and the development of insulin resistance was described in transgenic mice. Naturally occurring glycosphingolipids were shown to exert immunomodulatory effects in a natural killer T (NKT) cell-dependent manner. This study examined whether glycosphingolipid-induced modulation of the immune system may reduce pancreatic and liver steatosis and stimulate insulin secretion in the Cohen diabetes-sensitive (CDS) rat, a lean model of non-insulin-resistant, nutritionally induced diabetes. Four groups of CDS rats fed a diabetogenic diet were treated with daily intraperitoneal injections of glycosphingolipids ␤-glucosylceramide, ␤-lactosylceramide, a combination of both (IGL), or vehicle (PBS) for up to 45 days. Immune modulation was assessed by fluorescence-activated cell sorting analysis of intrahepatic and intrasplenic lymphocytes. Steatosis was assessed by MRI imaging and histological examination of liver and pancreas, Blood glucose and plasma insulin concentrations were assessed during an oral glucose tolerance test. Administration of glycosphingolipids, particularly IGL, increased intrahepatic trapping of CD8 T and NKT lymphocytes. Pancreatic and liver histology were markedly improved and steatosis was reduced in all treated groups compared with vehicle-treated rats. Insulin secretion was restored after glycosphingolipid treatment, resulting in improved glucose tolerance. The immunomodulatory effect of ␤-glycosphingolipids improved the ␤-cell function of the hyperglycemic CDS rat. Thus our results suggest a role for the immune system in the pathogenesis of diabetes in this model. glycolipids; immune response; natural killer T cells; type 2 diabetes THE CHRONIC INCREASE in inflammatory mediators observed in type 2 diabetes (T2DM) has been shown to affect not only tissues and blood vessel walls but also pancreatic ␤-cells (11). The hyperglycemic Cohen diabetes-sensitive (CDS) rat is a model of mild cytokine-mediated diabetes (34) The CDS rat develops postprandial hyperglycemia when fed a diabetogenic high-sucrose, copper-poor diet (HSD), characterized by elevated blood glucose and blunted insulin secretion in response to glucose loading (8, 35, 36) . Glucose intolerance in these rats is associated with exocrine lesions, lipid deposition, and IL-1␤-positive macrophage infiltration in the exocrine pancreas (34). However, the way in which the immune system is involved in the development of diabetes in this model has not yet been elucidated. Natural killer T (NKT) cells, innate regulatory lymphocytes that express a conserved T-cell receptor, play important parts in diverse neoplastic, autoimmune, and infectious processes (3, 22) . NKT cells usually express an invariant T-cell receptor that recognizes glycolipids in the context of the major histocompatibility complex (MHC) class I-like molecule CD1d (13, 15). ␤-Glucosylceramide (GC) and ␤-lactosylceramide (LC) are naturally occurring glycosphingolipids that exert immunomodulatory effects in an NKT cell-dependent manner (18, 20, 39) .
THE CHRONIC INCREASE in inflammatory mediators observed in type 2 diabetes (T2DM) has been shown to affect not only tissues and blood vessel walls but also pancreatic ␤-cells (11) . The hyperglycemic Cohen diabetes-sensitive (CDS) rat is a model of mild cytokine-mediated diabetes (34) The CDS rat develops postprandial hyperglycemia when fed a diabetogenic high-sucrose, copper-poor diet (HSD), characterized by elevated blood glucose and blunted insulin secretion in response to glucose loading (8, 35, 36) . Glucose intolerance in these rats is associated with exocrine lesions, lipid deposition, and IL-1␤-positive macrophage infiltration in the exocrine pancreas (34) . However, the way in which the immune system is involved in the development of diabetes in this model has not yet been elucidated. Natural killer T (NKT) cells, innate regulatory lymphocytes that express a conserved T-cell receptor, play important parts in diverse neoplastic, autoimmune, and infectious processes (3, 22) . NKT cells usually express an invariant T-cell receptor that recognizes glycolipids in the context of the major histocompatibility complex (MHC) class I-like molecule CD1d (13, 15) . ␤-Glucosylceramide (GC) and ␤-lactosylceramide (LC) are naturally occurring glycosphingolipids that exert immunomodulatory effects in an NKT cell-dependent manner (18, 20, 39) .
CD8 and NKT lymphocytes playing a role in type 1 diabetes (T1DM) were recently found to be also important in the development of T2DM (26) . ␤-Glycosphingolipids are NKT ligands, and their effects on CD8 cells may involve an indirect effect on dendritic cells (DCs) (3, 7, 33) , affecting DC-CD8 or NKT-CD8 lymphocyte cross talk. The present study explores the possibility that by exerting an immunomodulatory effect synthetic ␤-glycosphingolipids can alleviate the metabolic derangements in the hyperglycemic CDS rat.
RESEARCH DESIGN AND METHODS
Animals. CDS rats were bred and maintained in the animal facility of Hebrew University School of Medicine, Jerusalem, Israel. Rats were fed a regular diet ad libitum (Koffolk, Petach-Tikva, Israel). The custom-prepared diabetogenic diet (HSD) contained 72% sucrose, 18% vitamin-free casein, 5% salt mixture no. II USP (MP Biomedicals), 4.5% butter, 0.5% corn oil, vitamins, and a low amount of copper (0.9 ppm) (8, 35) . The protocol was approved by the Hebrew University Ethics Committee and complied with the Principles of Laboratory and Animal Regulations established by the National Society of Medical Research.
Glycolipids. GC and LC were purchased from Avanti Polar Lipids (Alabaster, AL). IGL is a 1:1 combination of GC and LC. Glycolipids were dissolved in ethanol and emulsified in phosphate-buffered saline (PBS).
Experimental group and study design. Eight-week-old male rats on a regular diet were divided into four treatment groups and switched to HSD. The rats were administered daily intraperitoneal injections of 2.5 mg/kg GC, LC, IGL, or PBS (control) for a total of 45 days. The effects of treatment on the immune system, steatosis, and liver and pancreatic damage were determined on days 30 and 45 of treatment.
Flow cytometry analysis for determination of CD4 ϩ , CD8 ϩ , and NKT lymphocyte subset distribution. At the end of the study (day 45), splenic and intrahepatic lymphocytes were isolated from rats in all experimental groups. Red blood cells were removed. The inferior vena cava was cut above the diaphragm, the spleen was removed, and the liver was flushed with 5 ml of cold PBS until it became pale. The liver was then placed in a 10-ml dish in cold, sterile PBS. Livers and spleens were crushed through a stainless steel mesh (size 60, Sigma Chemical, St. Louis, MO). Cell suspensions were placed in a 50-ml tube for 3 min and washed twice in cold PBS (1,250 rpm for 10 min), and debris was removed. Cells were resuspended in PBS, the cell suspension was passed through a nylon mesh presoaked in PBS, and unbound cells were collected in a 50-ml tube. Cells were washed twice in 45 ml of PBS (1,250 rpm at room temperature) and suspended in 7 ml of PBS. For liver and spleen lymphocyte isolation, 20 ml of Histopaque-1077 (Sigma Diagnostics, St. Louis, MO) was slowly placed underneath the 7 ml of cells in the 50-ml tube. The tube was centrifuged at 1,640 rpm for 15 min at room temperature. Cells at the interface were collected, diluted in a 50-ml tube, and washed twice with ice-cold PBS (1,250 rpm for 10 min). Approximately 1 ϫ 10 6 cells/rat liver were recovered. By Trypan blue staining, cell viability was estimated as Ͼ95%.
Immediately after lymphocyte isolation, triplicates of 2-5 ϫ 10 Evaluation of effect of ␤-glycosphingolipids on blood lipid levels. The effect of ␤-glycosphingolipid treatment on lipid levels was assessed by measurement of serum cholesterol, free fatty acid, and triglyceride levels in blood by standard techniques at day 45, the end of the study period.
Evaluation of effect of ␤-glycosphingolipids on glucose and insulin levels. Rats underwent an oral glucose tolerance test (OGTT) with the following protocol. Blood glucose and plasma insulin concentrations were measured after overnight fast (0) and at 15, 30, 60, 90, and 120 min after the oral administration of glucose (3.5 g/kg), as described previously (34) . Glucose concentration in tail blood was measured with a standard glucometer (Elite, Bayer, Leverkusen, Germany). Plasma insulin level was determined with an ultrasensitive rat insulin ELISA assay (Mercodia, Uppsala, Sweden). Graphs in Fig. 6 present the results of the OGTT at 30 days of diet and treatment. Similar data were obtained at day 45 (data not shown).
Evaluation of effect of ␤-glycosphingolipids on pancreatic damage. At the end of the study, the pancreases of rats from the four treatment groups were removed and their weight was recorded. Paraffin-embedded pancreatic sections (5 m) stained with hematoxylin and eosin were evaluated for islet morphology, pancreatic steatosis, and acinar degeneration. The effect of ␤-glycosphingolipid treatment on the degree of pancreatic damage was assessed by an experienced pathologist in a blinded fashion. Degrees of hepatic and pancreatic steatosis were classified according to the following scores: grade 0, no steatosis; grade 1, 5% steatosis; grade 2, 10% steatosis; grade 3, Ͼ15% steatosis. Sections were obtained from each rat in all groups.
Evaluation of effect of ␤-glycosphingolipids on hepatic steatosis. The degree of hepatic steatosis was assessed by MRI imaging on day 28. Hepatic and pancreatic fat contents were measured by a T1-weighted dual-echo chemical shift gradient-echo sequence technique that provides in-phase and out-of-phase images in a single acquisition for assessment and quantification of fat. T1-weighted in-/out-of-phase MRI is sufficiently sensitive for the detection of relatively small proportions of tissue fat (23, 24) . MR images were acquired by a 1.5-T system (Sigma LX; GE, Milwaukee, WI). Dual-echo MRI was performed with a repetition time (TR) of 125 ms, dual echo times (TEs) of 4 and 6.5 ms, and a flip angle of 80°. Imaging parameters included section thickness of 3 mm, a 13-cm field of view, and a 256 ϫ 160 matrix. Axial and coronal images were obtained. Signal intensity (SI) changes between in-phase and out-of-phase images were computed.
The SI index was calculated as follows: SI index(2) ϭ (SIip Ϫ SIop)/SIip, where SIip is in-phase SI and SIop is out-of-phase SI. Low SI index values indicate a smaller amount of tissue fat.
Evaluation of effect of ␤-glycosphingolipids on liver damage. Assessment of liver damage was performed by measuring serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in peripheral blood by standard techniques at the end of the study. Paraffin-embedded liver sections (5 m) stained with hematoxylin and eosin and Oil Red O (frozen sections) were evaluated by an experienced pathologist in a blinded fashion. Sections were scored by using steatosis and inflammatory scores as described previously (5). The percentage of involved area per field was calculated for each of the five liver sections from each rat in all groups.
Evaluation of effect of ␤-glycosphingolipids on serum transforming growth factor-␤ levels. The effect of ␤-glycosphingolipid treatment on serum transforming growth factor (TGF)-␤ levels was measured by "sandwich" ELISA with a commercial kit (Genzyme Diagnostics) according to the manufacturer's instructions.
Statistical analysis. Data shown are means Ϯ SE. Statistical significance of differences between groups was determined by one-way ANOVA followed by the Tukey test with the Sigmastat program (Jandel, San Rafael, CA). A two-tailed paired t-test was used to compare data from tests performed on the same animal. A P value Ͻ0.05 was considered significant.
RESULTS

Effect of ␤-glycosphingolipids on intrahepatic CD8 and NKT lymphocyte distributions.
We have determined the effect of ␤-glycosphingolipids on the distribution of CD8 and NKT lymphocytes. Administration of ␤-glycosphingolipids increased the percentage of intrahepatic NKT cell trapping in all of the treated groups compared with the PBS-treated group (P Ͻ 0.005) (Fig. 1A) . However, the percentages of intrasplenic NKT cells increased only in GC (1.9 Ϯ 0.07)-and IGL (2.0 Ϯ 0.26)-treated groups compared with PBS-treated rats (1.25 Ϯ 0.15%). The calculated ratio of intrahepatic to intrasplenic NKT lymphocytes revealed that LC-and GC-treated groups manifested significant increases in intrahepatic NKT lymphocytes compared with the control PBS-treated group (P ϭ 0.002, Fig. 1B ). The percentages of intrahepatic CD8 lymphocytes were elevated (P ϭ 0.003) in LC-and IGL-treated rats compared with PBS-treated rats (0.64 Ϯ 0.065%, Fig. 1C ). The calculated ratio of intrahepatic to intrasplenic CD8 lymphocytes revealed that LC-and IGL-treated groups manifested significant increases in intrahepatic CD8 lymphocytes compared with the control PBStreated group (P ϭ 0.002, Fig. 1D ). No significant effects were noted on CD4 lymphocytes (data not shown).
Effect of ␤-glycosphingolipids on pancreatic steatosis and weight. We have determined the effect of ␤-glycosphingolipids on the pancreas. Decrease in pancreatic weight was shown to be highly associated with diabetes development in the CDS rat (34) . We therefore assessed whether treatment with ␤-glycosphingolipids may halt the decrease in pancreatic weight. Pancreas weight was significantly higher in rats treated with GC, LC, or IGL compared with the control PBS group (P Ͻ 0.005, Fig. 2A) . A marked decrease in pancreatic steatosis score was noted in GC-and IGL-treated animals vs. PBS (P Ͻ 0.05, Fig. 2B ). The exocrine pancreas of the GC-and IGLtreated groups had a normal appearance compared with the PBS group, in which substantial fat infiltration, atrophy, and fibrotic characteristics were detected (Fig. 2C) . The increase in pancreatic weight was associated with substantial reductions in pancreatic damage in all glycosphingolipid-treated groups. No alteration in body weight was noted for any treatment group (data not shown).
Effect of ␤-glycosphingolipids on serum lipid levels. A significant reduction in serum triglycerides (P Ͻ 0.05) and cholesterol (P ϭ 0.002) was observed in IGL-treated rats compared with PBS-treated rats (Fig. 3) .
Effect of ␤-glycosphingolipids on liver damage. A reduction in MRI hepatic steatosis index indicative of reduced fat content was observed in rats treated with IGL compared with PBStreated rats (P Ͻ 0.05; Fig. 4 ). Hepatic damage was also reduced after LC and IGL, as revealed by the reduced serum levels of the hepatic transaminases compared with PBS (P Ͻ 0.03; Fig. 5A ). Examination of liver histology revealed improvements in the microscopic scores for LC-and IGL-treated animals compared with the PBS-treated hyperglycemic CDS rat. The percentages of involved area per field were 10.0 Ϯ 1.7% and 11.7 Ϯ 1.5% vs. 18.5 Ϯ 2.3% for LC and IGL vs. PBS, respectively (P Ͻ 0.03). IGL administration produced the most pronounced effect on liver histology. The mean microscopic score for IGL was reduced compared with PBS (P Ͻ 0.005; Fig. 5B) .
Effects of ␤-glycosphingolipids on glucose and insulin levels. Administration of ␤-glycosphingolipids improved glucosestimulated insulin secretion (GSIS) as assessed by OGTT.
Insulin area under the curve (AUC) increased markedly in GC (P Ͻ 0.001 vs. PBS)-and IGL (P Ͻ 0.04)-treated rats compared with PBS ( Fig. 6A ; Supplemental Data). 1 Treatment with ␤-glycosphingolipids significantly reduced the glucose AUC in all treated groups (P Ͻ 0.02) vs. PBS-treated rats (Fig. 6B) .
Effect of ␤-glycosphingolipids on serum TGF-␤ levels. Administration of GC, LC, and IGL was associated with a significant increase in serum TGF-␤ levels compared with PBS (P Ͻ 0.05; Fig. 7) .
DISCUSSION
In the present study, we investigated the effect of administration of ␤-glycosphingolipids on glucose intolerance of the hyperglycemic CDS rat, a model of mild cytokine-mediated diabetic syndrome that does not exhibit peripheral resistance to insulin. We explored the possibility that by exerting an immunomodulatory effect, ␤-glycosphingolipids may improve the ␤-cell function of the hyperglycemic CDS rat. The data presented in this study demonstrate improved glucose tolerance and increased GSIS after ␤-glycosphingolipid administration. Interestingly, the improvement in ␤-cell function vs. PBS was highly associated with an increased intrahepatic trapping of 1 The online version of this article contains supplemental material. Fig. 1 . Effect of ␤-glycosphingolipids on intrahepatic CD8 and natural killer T (NKT) lymphocyte distribution. Fluorescence-activated cell sorting analysis of lymphocytes isolated from livers and spleens of Cohen diabetes-sensitive (CDS) rats fed high-sucrose diet (HSD) and treated with a daily intraperitoneal injection of phosphate-buffered saline (PBS; control, n ϭ 10) or 2.5 mg/kg glycosphingolipids [glucosylceramide (GC), n ϭ 7; lactosylceramide (LC), n ϭ 10; or GC ϩ LC (IGL), n ϭ 10] for 1 mo. CD4 ϩ , CD8 ϩ , and NKT cells were sorted. A: % of intrahepatic NKT cells after the different treatments. B: ratio of intrahepatic to intrasplenic NKT lymphocytes in each experimental group. C: % of intrahepatic CD8 cells after the different treatments. D: ratio of intrahepatic to intrasplenic CD8 lymphocytes in each experimental group. *P Ͻ 0.005. CD8 and NKT lymphocytes, which may imply a role of the innate immune system in the development of diabetes in this rat model.
The involvement of the immune system was recently reported in hyperglycemic CDS rats, in which the development of diabetes was associated with infiltration of activated macrophages into the damaged exocrine pancreas (34) . The findings of the present study reinforce the possible involvement of the immune system in diabetes development in this rat model and suggest that modulation of the immune system may improve glucose metabolism. Modulation of the immune system was shown to improve glucose metabolism in both human patients and animal models of diabetes. In patients with T2DM, exercise-induced increase in CD4 ϩ CD25 ϩ regulatory T cells (Tregs; T lymphocytes) correlated with decreased hemoglobin A1C levels (37), while CD4 ϩ CD25 ϩ Tregs were shown to modulate the activity of the insulin receptor in an animal model of T2DM (37) . In T1DM, an NKT lymphocyte subset was suggested to play a key regulatory role in linking the innate and adaptive immune systems (3). Activation of invariant NKT (iNKT) cells by the administration of ␤-galactosylceramide was shown to protect nonobese diabetic (NOD) mice from T1DM development (14) . Protection was enabled because of induction and accumulation of the effector cells (9, 27).
CD4
ϩ CD25 ϩ Tregs maintained self-tolerance and prevented autoimmune attack on the ␤-cells of these mice (19, 26) .
NKT cell responses are induced by recognition of glycolipid antigens presented by CD1d, an antigen presentation protein (3). In the last 10 years great strides have been made in understanding the types of glycolipids recognized by NKT cells. A number of ligands presented by CD1d or other CD1d-restricted cells to the NKT lymphocytes (6) are involved in prevention of several immune-mediated disorders. In this study, the ␤-glycosphingolipids GC, LC, and IGL, which are natural intermediates in the metabolic pathways of ceramides (18) , were studied because they have been shown to exert NKT-mediated immunomodulatory effects in several other models (39) . Administration of GC in vivo attenuates NKTmediated damage in animal models of diabetes, concanavalin A hepatitis, and immune-mediated colitis (20, 21, 39) . Preliminary data suggest that GC may play a similar role in humans with the metabolic syndrome by affecting NKT cell distribution (38) . In our study, the glycosphingolipids were shown to affect several metabolic parameters. The greatest effect on most of the parameters studied was achieved with IGL, a combination of two different glycosphingolipids, while when given separately GC and LC had beneficial effects on different aspects of the metabolic syndrome. The disparities among Fig. 2 . Effect of ␤-glycosphingolipids on pancreatic damage. A: pancreatic weight of CDS rats fed HSD and treated with a daily intraperitoneal injection of PBS (control, n ϭ 10) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 10; LC, n ϭ 10; or IGL, n ϭ 10) for 1 mo. B: hematoxylin and eosin staining of pancreatic sections from PBS-and IGLtreated CDS rats fed HSD for 1 mo. The pancreatic steatosis score was calculated from the scoring of 5 pancreatic sections per rat. Decreased degrees of steatosis were noted in GC-and IGL-treated animals. C: pancreatic sections of IGL-treated rats showed significantly decreased steatosis; islets were not affected (arrow). D: pancreatic sections from PBS-treated rats exhibited depletion of the acini in the exocrine pancreas and fat infiltration in the tissue; islets were not affected (arrow). *P Ͻ 0.005. different ␤-glycosphingolipids and a relative advantage of IGL over the other ligands may be explained by the higher affinity of the CD1d receptor on the NKT cells to a specific glycosphingolipid or to the combination of two different glycosphingolipids (28 -30) . In addition, a ligand-associated dendritic cell effect might also account for these differences (12) . Alternatively, it may be suggested that since the glycosphingolipids affect multiple tissues that are involved in glucose homeostasis, including the liver, pancreas, and adipose tissue, the outcome of their effect is dependent on the characteristics of the target used.
The role of glycosphingolipids in diabetes development is controversial and is greatly related to the identity of the glycosphingolipid administered and the characteristics of the animal model studied. In our study administration of the ␤-glycosphingolipids resulted in improved glucose metabolism, while in Zucker diabetic fatty rats reduction in blood glucose levels was achieved by lowering glucosphingolipid levels with a glucosylceramide synthase inhibitor (1, 37) . The discrepancy between the studies may be explained by a difference in the rat models used in the studies. Diabetes in Zucker diabetic fatty rats is related to peripheral resistance. Since glycosphingolipids were shown to negatively modulate the activity of the insulin receptor (31), the use of Genz-123346, an inhibitor of glycosphin- Fig. 3 . Effect of ␤-glycosphingolipids on lipid profile. Serum triglyceride and cholesterol levels of overnight-fasted CDS rats fed HSD and treated with a daily intraperitoneal injection of PBS (control, n ϭ 10) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 10; LC, n ϭ 9; or IGL, n ϭ 10) for 1 mo. *P Ͻ 0.005. Fig. 4 . Effect of ␤-glycosphingolipids on liver steatosis. MRI quantification of liver fat performed on CDS rats fed HSD and treated with a daily intraperitoneal injection of PBS (control, n ϭ 10) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 10; LC, n ϭ 9; or IGL, n ϭ 10). MRI was performed after 28 days of treatment. Fig. 5 . Effect of ␤-glycosphingolipids on liver damage. A: effect on liver enzymes. Liver enzymes in the sera of overnight-fasted CDS rats fed HSD were measured after 45 days of intraperitoneal injections of PBS (control, n ϭ 10) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 10; LC, n ϭ 9; or IGL, n ϭ 10). AST, aspartate aminotransferase; ALT, alanine aminotransferase. B: effect on liver histology. Five liver sections from CDS rats fed HSD were scored (according to score index described in RESEARCH DESIGN AND METHODS) for inflammation and steatosis after 45 days of intraperitoneal injections of PBS (control, n ϭ 10) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 10; LC, n ϭ 9; or IGL, n ϭ 10). *P Ͻ 0.005. golipid synthesis, is likely to improve insulin sensitivity and glucose control and increase in Zucker diabetic fatty rats. Furthermore, the inhibitor Genz-123346 did not did not alter insulin secretion in these rats, suggesting that its effect is mainly due to increase in peripheral insulin sensitivity. In contrast, the hyperglycemic CDS rat does not exhibit peripheral insulin resistance, or obesity and diabetes development is solely attributed to ␤-cell dysfunction. We may therefore argue that in our study elevation of ␤-glycosphingolipid levels affected ␤-cell function with no or only a minor influence on peripheral insulin resistance. Thus additional experiments are needed to determine the mechanism underlying the different effects of the glycosphingolipids on the metabolic syndrome.
The beneficial effect of ␤-glycosphingolipids on ␤-cell function seems to be mediated via an immunomodulatory effect on CD8 or NKT cells. The improvement in insulin secretion was accompanied by a decrease in pancreatic and liver damage and by a reduction in lipid infiltration and local inflammation parallel with increased levels of serum TGF-␤ levels. The differences on NKT cells noted between GC and IGL may be related to different effects on DCs affecting the CD1d-dependent response of NKT cells (16, 17) .
The present study also supports a role for a chronic inflammatory response, specifically a CD8-and/or NKT-dependent mechanism, in the pathogenesis of diabetes in the CDS rat model. In recent years, chronic inflammation was suggested to be a important pathophysiological mechanism in T2DM (4, 10, 11, 32) using both insulin resistance and pancreatic ␤-cell dysfunction. In the process of inflammation macrophages and the endothelium were shown to contribute to the increased serum levels of different cytokines including IL-1␤, IL-6, and TNF in T2DM patients (25) . The increase in the levels of these cytokines may induce the liver to produce acute-phase proteins, which could impair ␤-cell secretory function. Thus, alternatively, our data could suggest that the primary effect of the ␤-glycosphingolipids is on the inflammatory pathways, while their effect on the immune system itself is a by-product of this effect.
Finally, our data do not rule out a contributing effect of other subsets of Tregs that were not measured in the present study. Future ongoing studies using additional glycosphingolipids and studying several parameters related to the inflammatory process will provide better understanding of the mechanisms underlying the effect of the glycosphingolipids in ␤-cell function. However, although the reports from the different studies may be contradictory, all studies are in agreement that glycosphingolipid synthesis is a potentially important and underexploited pathway that may provide new therapeutic targets to treat diabetes.
In summary, diabetes development in the CDS rat is coupled with exocrine damage, fat infiltration, and local inflammation. Treatment with ␤-glycosphingolipids improved ␤-cell function and induced a marked improvement in hepatic and exocrine damage. We suggest that the ␤-glycosphingolipids through Fig. 6 . Effect of ␤-glycosphingolipids on oral glucose tolerance test (OGTT). Area under the curve is shown for insulin (A) and glucose (B) after OGTT (glucose, 3.5 g/kg) performed on CDS rats fed HSD and treated with a daily intraperitoneal injection of PBS (control, n ϭ 16) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 7; LC, n ϭ 9; or IGL, n ϭ 10) for 1 mo. *P Ͻ 0.005. Fig. 7 . Effect of ␤-glycosphingolipids on serum transforming growth factor (TGF)-␤ levels. Serum TGF-␤ levels were measured from CDS rats fed HSD after 45 days of intraperitoneal injections of PBS (control, n ϭ 16) or 2.5 mg/kg glycosphingolipids (GC, n ϭ 10; LC, n ϭ 9; or IGL, n ϭ 10). *P Ͻ 0.005. their immunomodulatory qualities inhibit local inflammation in the target organ, resulting in alleviation of pancreatic and liver damage and in the subsequent restoration of ␤-cell function.
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